Abstract. For children, soil ingestion via hand-to-mouth behavior can be a main route of exposure to contaminants such as lead. The ingested lead can be mobilized from the soil and form new species during the digestion process. Speciation is known to affect the availability of metals for transport across biological membranes. In the present study, in vitro digestions were performed with (artificially contaminated) standard soil. Lead speciation was investigated in the artificial human intestinal fluid, i.e., chyme, to gain insight into the lead species and lead fractions that may be available for transport across the intestinal epithelium. To that end, both a lead ion selective electrode (Pb-ISE) and a voltammetric technique (differential pulse anodic stripping voltammetry, DPASV) were used. The results indicate that in chyme only a negligible lead fraction is present as free Pb 2ϩ , whereas lead phosphate and lead bile complexes are important fractions. The lead phosphate complexes appear to be voltammetrically labile, i.e., in dynamic equilibrium with Pb 2ϩ . Labile complexes can dissociate and the produced metal ions can subsequently be transported across the intestinal epithelium. Lead bile complexes may behave in a similar manner, or this organometal complex may be able to traverse the intestinal membrane. Therefore, substantially more than only the free metal ion should be considered available for transport across the intestinal epithelium.
Children daily ingest, on average, 50 -200 mg of soil via hand-to-mouth behavior (Davis and Waller 1990; Van Wijnen et al. 1990; Calabrese et al. 1999) . Therefore, for such compounds as lead, soil ingestion can be a main route of exposure in comparison to exposure via air, skin, or food. To estimate the associated health risk, lead absorption from the gastrointestinal tract after soil ingestion should be known. Intestinal absorption is generally considered to consist of two processes. First, the compound of interest should be mobilized in the gastrointestinal tract from its matrix, which is, in the present case, soil. This process is referred to as bioaccessibility (Ruby et al. 1999) . Subsequently, the bioaccessible compounds should be transported across the intestinal epithelium. Some lead that is mobilized from soil in the stomach due to the low pH climate (pH can be as low as 1), may form new lead complexes in the subsequent intestinal climate (pH between 5 and 7.5).
Absolute lead absorption ranges from 35% to 70% for fasting adults and from 2% to 25% for soluble lead salts taken with meals, whereas children absorb more lead than adults do (Ziegler et al. 1978; Mushak 1991) . It is well known that intestinal absorption in in vivo experiments is affected by the form in which lead is added, i.e., lead administered as different salts, in a soil matrix, or in food (Barltrop and Meek 1975; Rabinowitz et al. 1980; Dieter et al. 1993; Freeman et al. 1996) . For example, a 12-fold relative difference in absorption in rat was found for seven different lead salts that were added to the diet at approximately equal concentrations (Barltrop and Meek 1975) . In vivo lead absorption from a soil matrix appears to be highly variable, ranging from 1% to Ͼ 80% relative to the lead absorption of soluble lead salts in an aqueous solution. Currently, several factors are discussed with regard to the chemical appearance of lead and intestinal absorption.
The transport of metals across biological membranes is highly dependent on the physicochemical form of the metal, i.e., its speciation (Campbell 1995) . At least the free metal ions can bind to the (intestinal) membrane and/or traverse the membrane. Lead complexes are in most cases not able to overcome the membrane as a whole. Known exceptions are hydrophobic organometal complexes and such processes as endocytosis. However, assuming that only the free metal ions can be transported across the intestinal epithelium, a contribution from complexed forms to metal transport across the intestinal epithelium should be taken into account as well. The kinetics of association and dissociation processes of metal complexes play a key role (Van Leeuwen 1999) . For example, labile species are in dynamic equilibrium with the free metal ion. Such species can dissociate, and the produced free metal ions can subsequently be transported across the membrane (Van Leeuwen 1999) . In this case, the flux toward the intestinal membrane consists of both the free metal ion and labile lead species, even though only lead in the form of free Pb 2ϩ traverses the membrane. In contrast, the equilibrium is static for inert species, so that these species cannot dissociate and thus cannot contribute to transport across the intestinal membrane. Because absorption of lead mainly takes place in the small intestine (Mushak 1991) , information on the lead speciation (such as the physicochemical lead forms) in the small intestinal fluid and their kinetic behavior can be a powerful approach to understand the availability of lead for transport across the intestinal epithelium. Such information is presently available in a very limited way, but can be useful for risk assessment purposes.
In the present study, several aspects of lead speciation in artificial human small intestinal fluid, i.e., chyme, are investigated to gain insight into the lead species and lead fractions that may be available for transport across the intestinal epithelium. Human physiologically based in vitro digestions were performed with (artificially contaminated) standard soil to obtain reproducible samples, and the digestion was modified as required. Speciation experiments were performed with a lead ion selective electrode (Pb-ISE); a voltammetric technique, differential pulse anodic stripping voltammetry (DPASV); and an operationally defined technique (Chelex extraction). Emphasis was put on (1) comparison between a chyme and a phosphate solution, (2) the effect of bile on several speciation features, and (3) lead speciation patterns in chyme from artificial digestions that were performed with soil artificially contaminated with different lead salts.
Material and Methods
All chemicals were of analytical grade, and only acid-rinsed materials were employed. OECD medium was used as standardized artificial soil. The percentage of peat, clay, and sand in OECD medium is prescribed by the Organisation for Economic Co-operation and Development (OECD) in guideline 207: 10% peat, 20% kaolin clay, and 70% sand. The OECD medium was artificially contaminated with lead. Solid lead salt (PbSO 4 , Pb(CH 3 COO) 2 , Pb(NO 3 ) 2 , or PbCl 2 ) was ground and extensively mixed with the dry sand fraction. Subsequently, the peat and clay fractions were added. After further mixing, 50 mass% of water was added. OECD medium was contaminated at one, three, or five times the current Dutch intervention value of 530 mg Pb/kg dry matter soil (Swartjes 1999), i.e., 530, 1,590 , and 2,650 mg/kg dry matter soil. The OECD medium was stored at 5°C. Contamination of the soil was performed about 2 years before the artificial digestions and speciation measurements.
Physiologically Based In Vitro Digestion
An in vitro digestion model designed by Rotard et al. (1995) was employed in the present study in a modified version described by Oomen et al. (2002b) . The digestion process was based on transit times for fasting conditions and physiological constituents of children and is schematically presented in Figure 1 . In short, the digestive juices, that is, saliva, gastric juice, duodenal juice, and bile, were prepared synthetically. The saliva was added to 0.6 g OECD medium (dry weight) and rotated at 55 rpm for 5 min at 37°C. Subsequently, the gastric juice was added, and the mixture was rotated at 55 rpm for 2 h. In the last digestion step, duodenal juice, which represents the juice excreted by the pancreas, and bile juice were added. This mixture was rotated at 55 rpm for 2 h more. Finally, the mixture was centrifuged for 5 min at 3,000 g, yielding a pellet (i.e., the digested OECD medium) and about 58.5 ml supernatant (i.e., the artificial chyme). The chyme contained about 0.9 g/L freeze-dried chicken bile and 2.6 mM phosphate and had an ionic strength of 0.14 M. Phosphate is present in human saliva, gastric juice, and duodenal juice. The concentrations of phosphate in the artificial digestive juices were based on Documenta Geigy (Ciba-Geigy, Basle, Switzerland) and were in accordance with values summarized in Altman and Dittmer (Alexander 1965; Altman and Dittmer 1968) . The concentration of dissolved organic carbon in the artificial chyme was 115 Ϯ 5 mM C, both in the absence and presence of bile or OECD medium during the in vitro digestion. (The carbon in a sample is destroyed by means of UV. CO 2 is formed that diffuses into a weakly buffered solution, causing phenolphthalein to change color. The Skalar Photometer 6010/6000 measures the color [extinction] of the sample with phenolphthalein at 550 nm.)
The pH of chyme was about 5.7 directly after digestion, and increased to approximately 6.5 on overnight storage in the freezer. The pH further increased to approximately 7.5 during storage for 4 months. These pH values all fall within the physiological pH range that is present in the human small intestine (Charman et al. 1997) . For experiments with chyme, which took longer than a few hours, sodium azide (NaN 3 ) was added to prevent bacterial growth.
Pb-ISE
The activity of the free Pb 2ϩ ion in chyme was determined using a Pb-ISE (Radiometer, ISE25PB9) in combination with a reference electrode with a double salt bridge (Radiometer, REF251). The potential difference between the electrodes in the chyme solution was recorded with a Radiometer PHM95 pH/ion meter. All potentiometric measurements were performed at 25.0 Ϯ 0.5°C using a water-thermostated vessel. Calibration of the potentiometric equipment was performed using 0.14 M KNO 3 solution containing different concentrations of Pb(NO 3 ) 2 .
In addition, potentiometric titration experiments were performed. To that end, small aliquots of a lead nitrate solution (0.001, 0.01 or 1 M) were added to chyme, and the potentiometric response was read after each addition. Such experiments were performed with (1) freshly prepared chyme and chyme that had been stored at Ϫ20°C; (2) a 10-times-diluted chyme and an undiluted chyme solution; (3) chyme solutions from digestions in which OECD medium was used that was artificially contaminated with different lead salts (PbSO 4 , Pb(CH 3 COO) 2 , Pb(NO 3 ) 2 , or PbCl 2 ); (4) chyme solutions from digestions in which the contamination level of the OECD medium was varied; (5) chyme solution from a digestion with and without bile; and (6) a phosphate solution with a pH, ionic strength, and phosphate concentration similar to chyme. Unless mentioned otherwise, chyme was employed from a digestion with uncontaminated OECD medium and that was subsequently stored at Ϫ20°C for more than a week and less than 4 months. Dilutions of chyme were performed with 0.14 M KNO 3 solution to minimize changes in ionic strength.
Turbidity and pH Measurements
For several samples, the turbidity (HACH 2100 N) and the pH (Metrohm 744) of the solution were measured after each addition of lead nitrate, in parallel with the potentiometric titration experiment.
DPASV
DPASV measures voltammetrically labile lead, which consists of the free lead ions plus the lead complexes that dissociate within the time-scale of the experiment. The effective time scale of DPASV is in the order of 0.1 s. Voltammograms were obtained using a Metrohm 663VA stand controlled by a PSTAT 10 potentiostat (AutoLab). Working, reference, and counter electrodes were HMDE, Ag/AgCl, KCl sat and glassy carbon, respectively. The deposition potential and time were Ϫ0.8 V and 300 s, respectively. A modulation amplitude of 0.05 V was used. Under these conditions, the detection limit for lead was found to be 10 nM.
The voltammetrically labile lead concentration was determined in chyme that was obtained from a digestion with OECD medium contaminated with Pb(NO 3 ) 2 , PbCl 2 , or PbSO 4 . Furthermore, chyme with and without bile was prepared using OECD medium contaminated with Pb(NO 3 ) 2 , and analyzed. These chyme solutions were also analyzed with respect to the lead that could be extracted by Chelex, which complexes lead strongly. A column filled with Chelex ion exchanger (100 -200 mesh, p.a., Biorad) was used. The Chelex was transferred into the Ca-form after eluting it with, consecutively, 2 M HNO 3 , Milli Q, 1 M NaOH, Milli Q, 2 M Ca(NO 3 ) 2 , and finally Milli Q. Exchanged lead ions were eluted from the column with 2 M HNO 3 . The pH of the Chelex extracts was increased to about 2.5 by NaOH, after which the lead concentration was determined by DPASV. Total lead concentrations in the chyme solutions, e.g., bioaccessible lead concentrations, were determined by inductively coupled plasma/mass spectrometry (ICP/MS) (Perkin Elmer, Elan 6000).
In addition, the following experiments were performed:
1. The voltammetric complexing capacity of chyme for lead was determined from additions of a lead nitrate solution (10 M) to a 10-times-diluted chyme solution and subsequent analyses by DPASV. 2. The lability of lead complexes in a chyme and in a phosphate solution (with a pH and ionic strength similar to that of chyme) was investigated from the DPASV signal at varied stirring rates (Davison 1978; Jansen et al. 1998) . The sample solutions were 0.14 M KNO 3 with 40 M Pb(NO 3 ) 2 and with different additions of the phosphate or chyme solution. 3. The average stability constant, K, of lead complexes in chyme was estimated from the decrease in DPASV signal due to additions of chyme to a 0.14 M KNO 3 /40 M Pb(NO 3 ) 2 solution, buffered by acetate to pH 5.7, according to the procedure described by Van den Hoop and Van Leeuwen 1993) .
For these experiments chyme from an artificial digestion with uncontaminated OECD medium was used. Experiments 1 and 3 were performed for chyme that was prepared with and without bile.
Results and Discussion

Pb-ISE
Pb 2ϩ activity measurements in all chyme solutions were below the detection limit of 10 Ϫ5 M. In Figure 2a , several potentiometric titration curves are presented. Included is the calibration curve for Pb(NO 3 ) 2 , which covers an activity range from 10 Ϫ6 M up to approximately 10 Ϫ1 M. The calibration curve shows typical Nernstian behavior with a slope of about 29 mV per log unit of lead activity, starting at approximately 10 Ϫ5 M up to 10 Ϫ1 M. For an undiluted chyme solution it was found that addition of lead up to a concentration of about 10 Ϫ3 M did not result in a change of the measured potential, indicating that the added lead is complexed by chyme components. Further addition of lead first induced a large unexpected change in potential (more than 100 mV), whereas at higher lead activities the behavior became again Nernstian, with a slope similar to the one of the calibration curve. Hence, in this region the added lead is certainly free in solution. Therefore, the potentiometric complexing capacity for undiluted chyme is estimated at 10 Ϫ3 M Pb. A 10-times-diluted chyme solution showed a comparable pattern, though one log unit earlier, as was expected (see Figure 2a ). Although in some way speculative, we ascribe the large increase in potential to changes in the chyme and phosphate solutions, which are clearly observed from pH and turbidity measurements (see Figure 2c ). Around the particular lead concentration of 10 Ϫ3 M, the pH of the chyme solution decreases and the turbidity increases.
Whereas the potentiometric titration procedure is sensitive enough to distinguish interactions of lead with chyme at different chyme concentrations, that is, chyme and 10-timesdiluted chyme, differences in the titration curves for chyme concentration within approximately a factor of five are difficult to detect. The large increase in potential hampers accurate determination of the complexing capacity. We found that no difference could be distinguished between the potentiometric titration curves for (1) fresh chyme and chyme stored at Ϫ20°C for more than a week and less than 4 months, (2) chyme solutions obtained from artificial digestions performed with OECD medium that was artificially contaminated with the different lead salts, (3) chyme solutions from artificial digestions in which the contamination level of the OECD medium was varied, and (4) chyme solutions with and without bile.
Lead Phosphate Complexes
The chyme became turbid at lead levels of approximately 10 Ϫ3 M, indicating the formation of insoluble complexes. The phosphate concentration in chyme (2.6 ϫ 10 Ϫ3 M) is within the same range as the potentiometric complexing capacity (10 Ϫ3 M) of chyme for lead, suggesting that lead phosphate complexes make up an important fraction of the complexing capacity. In addition, considering the anion composition of chyme, formation of lead phosphate complexes is plausible, because this reaction is thermodynamically favored. The lead phosphate complexes form insoluble salts. This is illustrated by studies in which phosphate amendments have been used to reduce the solubility and mobility of lead in contaminated soil (Ma et al. 1993) . Furthermore, Zhang et al. (1998; Zhang and Ryan 1999) determined rapid (within 60 min) and complete transformation of soil lead to the lead phosphate complex chloropyromorphite (Pb 5 (PO 4 ) 3 Cl[s]) in experiments mimicking gastric and intestinal pH values and in the presence of the phosphate mineral hydroxyapatite.
To verify the formation of lead phosphate complexes for the present system, potentiometric titrations comparable to the chyme experiments were performed with a phosphate solution. The chyme and the phosphate solution indeed displayed similar behavior, as can be seen by comparison of Figure 2a and 2b. First, both solutions showed an increase in potential, ⌬E, at the potentiometric complexing capacity that was sharper than expected. Second, at elevated levels of added lead both showed ⌬E values that were higher than the corresponding ⌬E values of the calibration curve. Third, for both the phosphate and chyme solution a decrease in pH was observed on titration (compare Figure 2c and 2d) . This pH effect can be explained by deprotonation of H 2 PO 4 Ϫ and HPO 4 2Ϫ , which is necessary for formation of lead phosphate complexes. Finally, both solutions displayed increasing turbidity on titration (compare Figure 2c and 2d) . This can be explained by formation of a suspension of insoluble lead phosphate complexes.
It appeared that the point at which a potential increase was observed occurred at a lower total lead concentration for the phosphate than for the chyme solution. The point at which the titration curve became Nernstian, i.e., slope about 29 mV/log unit Pb, was almost similar for both solutions. Because it is unclear which reference point to take for comparison, it remains inconclusive whether the titration curve of the phosphate solution is similar to the curve of chyme or of 10-times-diluted chyme. The possible lower complexing capacity of the phosphate solution in comparison to the undiluted chyme solution might be due to the presence of additional complexing agents in chyme. Nevertheless, the similarities in observations for the chyme and phosphate solutions indicate that an important fraction of lead in chyme seems to be present as lead phosphate complexes.
DPASV
Voltammetry was used because it is a more sensitive technique than Pb-ISE. In addition, DPASV provides complementary information because voltammetrically labile lead can be measured, which consists of the free lead ions plus the lead complexes that dissociate within the experimental time scale. However, in this study the absolute labile lead concentration cannot be determined. Assuming that labile lead complexes are . The x-axes represent the total lead in the sample due to lead nitrate additions present in the sample, the DPASV signal depends on diffusion of both the Pb 2ϩ ions and the labile lead complexes to the mercury droplet. The diffusion coefficient of the labile complexes is unknown but always smaller than that of the Pb 2ϩ ion. Without further information on the labile complexes, the DPASV response is translated into a labile lead concentration using the calibration curve based on free lead. Consequently, the DPASV response underestimates the actual labile lead concentration. Therefore, these data can only be used as an estimate of the actual labile lead concentration. Table 1 presents the measured voltammetrically labile lead concentrations for different chyme solutions that were obtained from digestions with OECD medium that was artificially contaminated with Pb(NO 3 ) 2 , PbCl 2 , or PbSO 4 . The voltammetrically labile lead concentration appears to be independent of the initially added lead salt.
Furthermore, Table 1 also presents the total and the Chelexextractable lead concentrations for the different chyme solutions. The total lead concentration represents the lead that was mobilized from the OECD medium into chyme during artificial digestion, i.e., the bioaccessible lead. The bioaccessible lead is expected to be distributed over the various complexing agents present in chyme, which is confirmed by the large difference in measured total and DPASV labile concentrations. Due to insufficient knowledge about the number and chemical structure of all existing complexing agents in the chyme, further interpretation of the speciation data appears to be impossible. However, Chelex extraction is well known to further clarify and quantify the metal speciation pattern in solutions. It has been shown that this approach might give useful information with respect to the bioavailability of metals in surface waters. For example, for copper in the River Maas (The Netherlands) it was found that the metabolic inhibition in periphyton could be excellent described by the Chelex-extracted copper (Buykx et al. 1999) . The analytical methodology combines the effect of increasing the time scale of the experiment and an ion-exchange process, which enables us to also quantify the amount of slower-dissociation lead complexes. For the present system, the Chelex-extractable lead concentrations (about 2 M) were larger than the fractions of the voltammetrically labile lead concentrations (about 0.04 M) but certainly smaller than the total lead concentrations (about 6 M). Although the Chelex procedure is operationally defined, the results certainly indicate the presence of various types of physical-chemical different lead species within the chyme. Finally, both the Chelex-extractable lead and the total lead concentrations appear to be independent of the initially added lead salt.
The concentrations of voltammetrically labile lead, Chelexextractable lead, and bioaccessible lead have also been measured for a chyme solution that was obtained from a digestion without bile. Table 1 shows that the bioaccessible lead after in vitro digestion with OECD medium contaminated with Pb(NO 3 ) 2 was halved for chyme without bile (11%, corresponding to 2.8 Ϯ 0.7 M total lead in chyme) compared to chyme with bile (23%, corresponding to 6.0 Ϯ 0.3 M total lead in chyme). Two explanations are possible: (1) Bile salts exert surfactant-like properties and might enhance the rate of lead mobilization from OECD-medium due to a decrease in surface tension of the chyme solution, or (2) bile increases the capacity of chyme to complex lead so that more lead can become bioaccessible. Figure 3 shows the voltammetric titration curve of chyme solutions from a digestion with or without bile. The voltammetric complexing capacities of these chyme solutions can be quantified via the increase in DPASV signal and accounting for the dilution factor of chyme (factor 10). The complexing capacities of the chyme solutions with or without bile are 2 M and 0.3 M, respectively. This difference shows that bile was indeed able to complex lead. Therefore, the lower total lead concentration in chyme without bile was (at least partly) due to a lower capacity of chyme to complex lead. The complexing capacity represents the number of binding sites, which is required knowledge to estimate the stability constant K of the following equilibrium:
The corresponding stability constant K is:
Furthermore, an estimate of K can only be made for a system that is voltammetrically labile (Van den Hoop 1994). Therefore, experiments were performed in which the stirring rate was varied. A linear relationship between the square root of the stirring rate against the DPASV response was observed for both chyme and phosphate additions (see Figure 4) . The samples with phosphate additions were buffered by acetate to pH 5.7. Clearly, lead and acetate forms complexes resulting in steeper slopes and higher DPASV values in the absence ( Figure  4a ) than in the presence of acetate buffer (Figure 4b ). All relationships show a positive intercept when extrapolating to a situation without stirring, which can be attributed to diffusion of free and labile lead toward the mercury droplet (Van Leeuwen 1987) . The linear relationships between the square root of the stirring rate against the DPASV response indicate (Davison 1978; Jansen et al. 1998 ) that the chyme and the phosphate system can be considered as voltammetrically labile for lead. As a consequence, K can be estimated from the decrease in DPASV signal for a 40 M Pb(NO 3 ) 2 solution after additions of chyme, according to Van den Hoop and Van Leeuven 1993) . This decrease in DPASV signal is shown in Figure 5 for a chyme solution with and without bile. The estimated average K for chyme with bile was 10 6.5 and for chyme without bile 10 7.1 , assuming complexation capacities of 2 and 0.3 M, respectively. The chyme solutions for determination of the voltammetric complexation capacities were not buffered, so that the pH was about 7. A higher complexation capacity of the chyme solutions can be expected for pH 7 than for pH 5.7. As calculation for the estimation of K requires the number of binding sites, which is represented by the complexing capacity, the estimated K values for pH 5.7 represent an underestimation. Yet both pH values are within the physiological pH range of the small intestine, so that the estimated K value provides a realistic indication of the equilibrium between Pb 2ϩ and Pb-chyme complexes.
Different Lead Salts
The different lead salts and lead concentration levels in the OECD medium did not clearly show distinct behavior for both the ISE and the DPASV experiments, although differences in lead absorption between different lead salts in in vivo experiments have been observed by others (Barltrop and Meek 1975; Dieter et al. 1993; Freeman et al. 1996) . Comparable to the in vivo experiments both well-soluble (Pb(CH 3 COO) 2 , Pb(NO 3 ) 2 , and PbCl 2 ) and sparingly soluble lead salts (PbSO 4 ) were investigated. The lack of difference in speciation features is plausible for the ISE experiments because the total lead concentration at the potentiometric complexing capacity (10 Ϫ3 M) originating from additions was much larger than the contribution to the lead concentration from the digestion of OECD medium (at maximum 3 to 6 M for OECD medium contaminated at the intervention value of 530 mg Pb/kg dry soil). Therefore, possible differences could not be distinguished. However, because DPASV is a more sensitive technique than ISE, we had expected to see some differences in voltammetrically labile lead concentrations for the DPASV experiments with different lead salts. Nevertheless, the differences were not significant. This can be explained by a similar lead speciation within the different OECD media. The lead from the different lead salts could have formed new and similar species at the moment it came in contact with the OECD medium or during the 2 years before use. For example, zinc has been shown to be (partly) redistributed over fractions that could be physically separated within 1-30 days after artificial contamination (Parveen et al. 1994) . In addition, the lack of differences can be explained by different pH values in the stomach compartment. It has been shown that lead dissolution from soil is highly pH dependent (Gasser et al. 1996; Oomen et al. 2002a ). Therefore, it is possible that the maximum amount of lead was mobilized from the soil at the present low pH of the stomach compartment of the in vitro digestion system (pH about 1), so that the speciation differences in the subsequent intestinal compartment might be small. In in vivo studies lead is usually administered in combination with food. Less lead is mobilized from soil at the pH in the stomach directly after food ingestion (up to pH 4 -5), which can be more lead salt dependent, resulting in different speciation patterns in the intestinal compartment.
In Vitro Digestion Models
To date, many studies have been performed on lead bioaccessibility in the gastric and intestinal environment using in vitro digestion models. These studies provide information on the matrix-dependent amount of lead that can be mobilized from matrices such as soil. The bioaccessible lead is considered to represent the maximum amount of lead that can be transported across the intestinal epithelium. Therefore, such experiments might be useful to estimate the site-specific exposure to contaminants from soil (Ruby et al. 1999; Oomen et al. 2002a) . In the present study additional information on lead speciation in chyme is obtained, which provides a more detailed understanding of complexation processes in the intestine and of the lead fraction that may be available for transport across the intestinal epithelium. The experiments were performed with chyme that was obtained from an in vitro digestion model. Therefore, extrapolation to the in vivo situation should be performed cautiously. Yet we think that in vitro and in vivo lead speciation in chyme is based on the same principles and complexation processes, which makes such information valuable.
Availability for Transport Across the Intestinal Epithelium
Lead transport across the intestinal epithelium that is independent of lead speciation, e.g., via processes such as pinocytosis, is considered negligible (Hillgren et al. 1995) . Therefore, lead speciation can be assumed to influence the availability of lead for transport across the intestinal epithelium. Lead bile complexes appeared to represent important complexes in chyme, and these organometal complexes might be able to traverse the Yes 0.030 Ϯ 0.004 (n ϭ 2) 2.47 Ϯ 0.70 (n ϭ 4) 5.6 Ϯ 0.6 (n ϭ 2)
Digestions were performed in the presence or absence of bile. The number of replicate measurements is represented by n. Fig. 3 . Voltammetric titration curve of a 10-times-diluted chyme solution that was prepared in a digestion with uncontaminated OECD medium and with (solid squares) and without (open triangles) bile. The voltammetric complexing capacities of these chyme solutions for lead are respectively estimated from the intersecting solid and broken lines. The x-axis represents the total lead in the sample due to the lead nitrate additions, and the y-axis represents the DPASV response intestinal membrane by passive diffusion based on hydrophobic interaction. Furthermore, Van Leeuwen (1999) theoretically described the cases in which labile species contribute to biouptake, i.e., transport across a biological membrane. Accordingly, several scenarios can be described if we assume that only free Pb 2ϩ ions can bind to the intestinal membrane and/or traverse the membrane. First, if the rate-limiting step of the absorption process is transport across the membrane, the Pb 2ϩ concentration is a measure of intestinal absorption. Second, if transport across the membrane is fast, Pb 2ϩ ions are transported across the intestinal epithelium and the Pb 2ϩ concentration next to the membrane decreases. Then, labile lead complexes can dissociate and these thus produced Pb 2ϩ ions can be absorbed as well. Therefore, the labile lead concentration is a measure of the lead that can be transported across the intestinal epithelium. Third, depending on the time scale of the uptake process, more slowly dissociating lead complexes can dissociate and the subsequent Pb 2ϩ ions can be transported across the intestinal epithelium. The time scale of the uptake process in biological systems is generally longer than the time scale of the analytical speciation technique. Thus the fraction of metal species that is labile in biological systems is generally larger. These considerations stress the importance of speciation studies for the understanding of metal uptake by membranes.
In the present study, lead speciation experiments were performed in chyme. Although chyme is an extremely difficult and unconventional matrix, and we cannot provide detailed speciation information of lead in chyme, the results show a consistent picture. All experiments indicate that important fractions of the lead in chyme are lead phosphate complexes and lead bile complexes. These experiments include different analytical techniques, which measured different aspects of lead speciation. The presence of lead phosphate complexes in chyme is suggested by the ISE experiments that showed similar behavior for chyme and phosphate solutions, and the expected decrease in pH and increase in turbidity with increasing lead additions were observed. Additionally, the DPASV experiments showed that both the chyme and phosphate solution contain voltammetrically labile lead complexes. The presence of lead bile complexes is suggested by the decreased lead mobilization from soil during artificial digestion without bile and by the difference in voltammetric complexing capacity and stability constants for chyme with and without bile. Furthermore, the estimated stability constants show that the percentage of lead that is present, as free Pb 2ϩ is small. This is in agreement with the inability of the Pb-ISE to measure the Pb 2ϩ activity in chyme directly and the high total lead concentration (10 Ϫ3 M) that was necessary to reach the potentiometric complexing capacity of chyme in the titration experiments.
Several other studies mention the (possible) formation of lead phosphate complexes such as chloropyromorphite (Ruby et al. 1992; Zhang et al. 1998; Zhang and Ryan 1999) and of lead bile complexes (Feroci et al. 1995) . Because lead phosphate complexes are thermodynamically stable and appear as insoluble salts, it was assumed that lead phosphate complexes are not available for transport across the intestinal epithelium. However, the present study showed that lead phosphate complexes can be voltammetrically labile and should therefore be considered candidates for dissociation and subsequent transport across the intestinal epithelium. Formation of slightly soluble and labile lead bile complexes was shown by Feroci et al. (1995) for four different bile salts, whereas lead bile complexes might also be able to diffuse through the intestinal membrane. All this indicates that substantially more than the free Pb 2ϩ fraction should be considered as available for transport across the intestinal epithelium.
In the present study some main features of lead speciation in chyme were investigated. This allows a better understanding of lead species and lead fractions that might be available for transport across the intestinal epithelium, and thus for intestinal absorption. In our next article, the speciation data are related to in vitro lead uptake and transport across monolayers of Caco-2 intestinal cells.
